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1. Introduction

The mass composition of cosmic rays is very important for the clarification of their origin,
because it must be strongly related to the sites of their origin, to the mechanisms of particle
accelerations, and to the propagation from the sources to the Earth. There is a general agreement
regarding cosmic ray composition that the fraction of the heavier component increases with energy
around the knee region (� = 1015–1016 eV, see [7] for review). In air shower experiments,
the types of the primary nuclei that induce air showers can be inferred from the longitudinal
developments of the showers because both cross sections and first collision multiplicity increase
with the mass of the primary cosmic nuleus interacting with the atmosphere. The results from
the previous experiments show that the cosmic-ray mass 〈ln �〉 increases with energy, indicating
a predominantly heavy composition at the knee. This is consistent with the rigidity-dependent
stochastic particle acceleration models for cosmic ray sources. These models predict that the
maximum reachable energy, �max, is proportional to the nuclear charge / . On the other hand, it
has been predicted that galactic cosmic ray sources such as supernovae cannot accelerate particles
to energies greater than ∼ 1018 eV. Thus we conclude that cosmic rays with such high energies are
of extra-galactic origin. Protons and other lighter components would be dominant in this higher
energy region, as heavier nuclei suffer from photo-disintegration in interactions with the cosmic
microwave background (CMB) photons propagating over long distances. In fact, recent cosmic
ray measurements in the ultra-high energy (UHE) region (� > 1018 eV), using the air fluorescence
detection technique, show a proton-dominant composition at about 1018 eV [1–3]. Therefore, we
can expect a drastic change in the cosmic-ray mass composition in the energy range from 1016 to
1018 eV, i.e. from the heavier galactic components to the lighter extra-galactic components. The
aim of the NICHE (Non-Imaging CHErenekov) experiment is to measure the mass composition of
cosmic rays in this transition region.

2. NICHE at the TA site

A Kakenhi Grant by the Japan Society for the Promotion of Science (JSPS) was approved in
2014 for four years, and a prototype array of 14 air-Cherenkov detectors (CDs) has been developed.
This array is called j-NICHE to distinguish it from other NICHE endeavors. The positions of the
deployed j-NICHE counters are shown in the left panel of Figure 1. The detectors are deployed at
∼800 m away from the TA Middle Drum (MD) site with 100 m spacing to detect Cherenkov light
generated by showers with � ≥ 3 × 1015 eV together with the MD and the TALE FDs.

A j-NICHE counter detects Cherenkov light using only one 3-inch photomultiplier tube (PMT,
Hamamatsu R6233-100) whose output signal is digitized by an FADC (200MHz, 12 bits) and the
resulting time series are stored in a micro-SD card. A Winston cone of opening half-angle 45◦ is
attached above PMT to collect more inclined lights. They are made by machining a solid aluminum
4-inch dowel at the University of Utah. Ray tracing studies using ROBAST[9] (see our previous
paper [10]) showed that photons with incident angle \ ≥ 43◦ can not be seen by the PMT.

The housing for the j-NICHE counters includes a rotating platter with a hole that serves as
a shutter that protects the PMT and Winston cone from Sunlight. The housing also contains the
batteries as well as data acquisition and control electronics. While the current prototype deploys a
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Figure 1: Left: The map around the TA Middle Drum (MD) site. The j-NICHE counters denoted by green
circles are deployed with 100 m spacing ∼800 m away from the MD site. Right: A j-NICHE counter in the
field with MD-FD behind.

First Quality Criterion
Zenith angle < 30◦

Good progress on optimization
The number of detectors ≥ 5

Core distance from the center of the array '? < 200 m

Second Quality Criterion
Use of the smallest 95% of j2 dist.

Table 1: Quality criteria for MC simulation/observation data. For -max determination, we use the more
strict first criterion: the number of detectors ≥ 6 and '? < 100 m.

single PMT per detector, a two-PMT design for future NICHE hybrid array will allow for a local
coincidence trigger and thus a lower threshold and/or a lower trigger rate.

3. Observation data

In this paper, we use the observation data for one year between March 2019 and March 2020.
The total observation time is 536.9 hours and the total number of recorded shower events is 165,839.
Finally, there are 4,943 events left by the data cleansing (Table 1) after the following correction.

3.1 Calibration using NICHE-TALE hybrid events

We extend a technique of TALE FD-SD hybrid analysis [8] for NICHE detectors and TALE-FD
to calibrate NICHE detectors by comparing observed NICHE signals to those estimated from the
lateral distribution function (Equation 1) based on the result of the hybrid analysis with TALE FD
that included 453 events for the 28 day period with the longest operation time in 2019.

4. Monte-Carlo simulation

5,042 showers are generated usingCORSIKA[6] and each shower is resampled 980/1,280/2,000
times by changing core position uniformly on the observation level. The detail of CORSIKA
simulation is shown in Table 2.
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Particle type Proton/Iron
Limit of zenith angle 0 - 40◦

Limit of core position −500m < -/. < 500m
High-energy hadronic interaction model QGSJETII-04
Low-energy hadronic interaction model GHEISHA

Thinning No
Maximum bunch size of Cherenkov photons 1

Table 2: CORSIKA options

For comparison between the MC simulation and the real data, we resampled the original
CORSIKA showers, assuming uniform core position along - (east to west) or . (south to north)
and according to a differential power law energy distribution (∝ �−3). In the resampling, events
were randomly chosen with replacement, from the original showers in order to maintain the proper
phase-space distributions of zenith angles and to maintain the correct apparent detector effective
area (∝ sin\cos\). This procedure produced about ten million events.

From the generated shower, we perform ray-tracing of all photons passing through a larger-
than-required effective area defined for each detector, to the PMT, possibly reflecting off the inner
side of the Winston cone[10]. After hitting the PMT cathode, the impulse response, the transit time
of the PMT and, self-triggering of the electronics are simulated and recorded.

4.1 Reconstruction method

We have developed reconstruction methods based on examinations of the simulation result.
The steps are similar to those for the standard reconstruction of air showers using a surface detector
array.

Shower arrival directions are determined by fitting photon arrival times with a shower plane
propagating at the speed of light in air. To select properly reconstructed events, we required each
event to have at least five hit detectors, and a core distance '2 < 100 m, where '2 is the distance
from the center of the NICHE array to shower axis. Our results show that 68% of CORSIKA
showers are reconstructed within 0.94◦ of their thrown (i.e. true) directions (Figure 4).

Core positions of showers are determined by searching the positions on the shower planes
that minimize the weighted Mean Squared Error (MSE) of the photon signal from the expectation
of the Lateral Distribution Function (LDF). For this process, we use the modified LDF of the
Tunka-Experiments One[5], shown in equation 1.
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Figure 2: Typical examples of LDF fitting all data points de-
tected on NICHE detectors for one CORSIKA shower resampled
980 times by varying core positions.

Figure 3: LDF-parameters vs en-
ergy (upper) or Δ-max (lower) for all
data points from the same resampling
showers as performed for Figure 2.
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Figure 4: Resolutions at 6 PeV of arrival direction, core position, energy and -max.

The typical examples of LDF is shown in Figure 2. The core-position distribution in Figure 4
shows that 68% of simulated showers are reconstructed within 4.9 m of their thrown core locations.

LDF parameters&200 and 12 appear tightly correlated to shower energy andΔ-max respectively,
where Δ-max is the thickness between the observation level and the air-shower maximum depth.
These relationships are illustrated in Figure 3.

For estimation of energy and -max, the optimization problem is solved by minimizing the
weightedMSE of detected signals from the expectations of the LDF by varying four free parameters:
core positions - and . on the shower plane, and LDF parameters &200 and 12. The distributions
of reconstruction errors of energy and -max for simulated events are shown in Figure 4. These
distributions give a reconstruction RMS error of 12.8% in energy and 15.75 g/cm2 in -max.

4.2 Comparison between MC simulation and observation data

To evaluate how much my MC simulation reflects the real process, we compare my MC
simulation to the observation data in five parameters: zenith angle, azimuthal angle, number (N-
fold) of hit detectors, energy, and -max. These are plotted in Figure 5, which shows good agreement
between the data distributions of zenith, azimuth, and -max to those from simulation if one assume
a mixed composition. The mismatch seen in the number of hit detectors and energy may be
indications of a mismatch in the trigger or reconstruction thresholds between data and MC.
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Figure 5: Data distributions overlaid with MC predictions, normalized to the number of data event, for
(starting from top left to the right) zenith angle, azimuthal angle, number of hit detector, log of energy, and
-max. Green data points show the observation data. Red and blue histograms show the simulated distributions
for the proton and iron showers, respectively.

4.3 Aperture

The detector aperture is given as follows[4]:

�(�, C) =
∫

n (�, C, \, q, G, H)cos\d(dΩ (2)

where n is the detection efficiency including self-triggering, reconstruction and the data cleans-
ing, C is the exposure time, which depends on the actual detector configuration during the one year
observation period, d( is the area on the observation level and dΩ = sin\d\dq is the differential
solid angle.

In this paper, we assume that n is independent of C, \, q, G and H, so that for sufficiently large
# and (max, the aperture is approximates to

�(�) ≈ c
4
· #sel(�)
# (�) · (max (3)

where #sel(�, C) is the number of the reconstructed events passing the quality criteria (Table
1), (max is the area of the events thrown uniformly along both X and Y of core positions on the
observation level and # is the number of thrown events. The aperture as given in Equation 3 is
calculated separately for each energy bin and the result is shown in Figure 6.

We note that n does actually depend on C because the combination of available detectors changes
with time, so we will account for this effect in the future.

6
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Figure 6: NICHE aperture in the case that all 13 detectors are available. The red solid line is a rescaled
hyperbolic tangent function (i.e. a logistic sigmoid) fit to the simulation results.

Figure 7: Energy spectrum measured by jNICHE, overlaid with those of other experiments. Left: The flux
function � (�). Right: �3� (�), the flux multiplied by �3 to flatten the curve.

5. Energy spectrum and mass composition

To calculate the uncorrected flux �uc, we divide the number of events inside each energy bin
by the linear bin width Δ� (the distributions are binned in log� , with log� = 0.1), the aperture
calculated above, and the total observation time. We then apply the correction of bin-to-bin-event-
migration to �uc which depends on the energy resolution shown in Figure 4 to unfold then spectrum.
The resulting NICHE preliminary energy spectrum for one year of observation is shown in Figure
7. At the lower limit, the NICHE energy spectrum appears underestimated when compared with the
results of other measurements. This is consistent with the hypothesis of a mismatch of thresholds
between data and MC that led to the discrepancy seen in the comparisons of number of hit detectors
and of energy in Figure 5.

For a mass-composition analysis, we use the -max distribution in each energy bin to calculate
its mean, 〈-max〉, the value of ln� is then extracted for each bin by scaling between the simulated
proton (ln� = 0) and iron (ln� ∼ 4) rails, and plotted against log� (Figure 8). The resulting NICHE
preliminary "elongation plot" shows a composition that is getting heavier with increasing energy
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Figure 8: Top left: -max distributions for different eight energy bins. Bottom left: Scatter plot of -max vs
log� (i.e. the "elongation plot"). Right: Scatter plot of ln� vs log� overlaid with results of other experiments.

up to almost pure iron at ∼1016 eV.

6. Summary

The goal of the NICHE experiment is to measure the cosmic-ray composition between 1016 and
1018 eV by measuring Cherenkov light generated by air-showers using 14 detectors placed in a grid
of 100 m spacing. The preliminary NICHE results of the energy spectrum and mass composition
have been presented.
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